We have measured the noise power spectra SV(f) of tin and lead films at the superconducting transition in the frequency range O.lHz to 5kHz. Two types of samples were made: Type A were evaporated directly onto glass substrates, while type B were evaporated onto glass and sapphire substrates with a soA aluminum underlay. For type A samples the spectra had a slope close to -1 and where i 1 and i 2 are the length and width of the film; for lead samples, this formula overestimates the observed noise by a factor of 5.
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As the magnetic field perpendicular to the tin films was increased from zero to about 2G, S was reduced by about a factor of 5, and SV(f) 2 was found to be proportional to S . The spectra of type B films were markedly different from those of type A films. In the case of the tin samples, the spectra became flat below about 30Hz. The degree of spatial correlation of the noise was markedly reduced. In the case of the lead films, the slope of the spectra was reduced from about -1.1 for type A to about -0.8 for type B. These changes are ascribed to the enhancement of the thermal contact between the films and the substrate by the aluminum underlay. Separate experiemnts confirmed that the underlay de~reased the thermal boundary resistance between the film and the substrate. Implications of this work for device applications are briefly discussed. There are few reported measurements of low frequency noise at the superconducting transition when the applied magnetic field and current are sufficiently low that the transition temperature is not significantly 4 suppressed from its zero field value. Maul, Strandberg, and Kyhl found excess noise at the superconducting transition of tin films, but did not demonstrate explicitly that the power spectrum was 1/f at low frequencies.
They analysed their results using a model in which equilibrium temperature fluctuations of the film gave rise to resistance fluctuations. They assumed that the temperature of the film was uniform at any instant of time, and that the substrate was a constant temperature reservoir. In this model the decay of a fluctuation was exponential, characterized by a single relaxation time, and the power spectrum was a Lorentzian. The voltage . 2 2 power spectrum was shown experimentally to be proportional to (dR/dT) I , where I was the current flowing in the film. Katz or a mixed state (Type II superconductors) in which flux motion was induced by the current. In our own measurements, the low frequency noise is dominated by the thermal fluctuation mechanism. We shall compare the results expected from the flux flow and thermal mechanisms in Section VII.
In Section II we briefly review the theory relevant to our measure- 
The spectrum has changes of slope near the characteristic frequencies of 2 the bar, w. = D/2£ .. The .spectrum does not contain an explicit 1/f region. 1 1 However, in the experimental systems studied, the assumptions of thermal homogeneity are far from realistic and the spectrum is expected to deviate from Eq. (2.3). 1 2 Voss and Clarke ' proposed that Eq. (2.3) should be replaced with a semi-empirical model spectrum in which ST(w)cx: const. for 17 One can show, however, that if the film is strongly thermally coupled to a substrate of much higher diffusivity the spectrum at low frequencies will be flatter than if the film is weakly coupled and/or if the substrate has a low thermal diffusivity.
The observed spectra in metal films were always close to 1/f down -3 to the lowest frequency measured, typically 10 Hz. This frequency is two orders of magnitude below f 1 for typical samples. Nevertheless, In order to apply Eq. (2.4) to our results, we require a value for the heat capacity of the film, CV. As the temperature of the film is lowered through the superconducting. transition there is an increase in the electronic heat capacity that we assume to be smeared out in a way that reflects the shape of the resistive transition. Thus as energy is 
IV. THERMAL COUPLING OF TYPES A AND B FILMS
Before describing the measured noise spectra, it is convenient to discuss the thermal coupling between the films and the substrates with and without an aluminum underlay. The original motivation for preparing type B samples was as follows. In an attempt to investigate the effect of the substrate properties on the noise spectrum we prepared Type A tin samples on single crystal sapphire plates whose thermal diffusivity was several orders of magnitude higher than that of glass. We found that the film was very poorly anchored to the sapphire, and could easily be
removed. In order to improve the bonding of the film to the substrate we predeposited a 50A layer of aluminum. This layer greatly enhanced the bonding. We briefly describe two methods by which we qualitatively investigated the effect of the underlay on the thermal contact of the films to the substrate.
At sufficiently high bias currents all of our samples became unstable due to self-heating effects, and could not be maintained at the superconducting transition. Low frequency instabilities set in when BP becomes comparable with the thermal conductance between the film 20 and the substrate , where P is the power dissipated in the film. For of tin to glass and sapphire, but has relatively little effect on lead deposited on glass.
We obtained another measure of the effective thermal conductance between film and substrate as follows. With the temperature in the transition range, the voltage across the film generated by a given bias current was measured. The value of the current was then changed, and the voltage remeasured when the sample had again reached a steady state.
The change in the temperature of the film was deduced from the change in its resistance. We then calculated an effective thermal conductivity (Ke) from the change in temperature resulting from a given change in power dissipation. For tin samples of size 2.5mm x 15~m x lOOOA on -1 -1 2 glass substrates we find for type A K ~ 1.5~WK
(-40~WK for lmm ) , e while for type B, Ke ~ 12~WK- Consequently. the measured thermal conductivity cannot be interpreted as the ratio of the power dissipation to the temperature difference between the film and a constant temperature substrate.
We believe that the aluminum under] ay enhances the thermal contar·t by improving the bonding of the films to the substrate. It is known that a um1num adheres strongly to g ass whereas t1n
does not. As 0 0
mentioned in Section III the aluminum film is certainly partially oxidized, and it is known that an oxide layer can greatly enhance the bonding of a metal film to glass 22 -24 As evidence for our hypothesis,
in Fig. 1 we show scanning electron micrographs of A and B tin films on the same glass substrate. In Fig. l(A) , the type A film shows considerable clumping of the tin, while in Fig. l(B) , the tin grains are much more uniformly nucleated. It is therefore likely that the effective contact area between film and substrate is substantially higher in type B samples than in type A.
The fact that the transmission probability of phonon from a film to its substrate depends strongly on the nature of the films probably also plays a role in the reduction of the thermal contact resistance by the aluminum underlay. 25 The fraction of ballistic phonons transmitted from an aluminum film to a glass substrate is about 0.8, while the fraction for a tin film is only about 0.1. 25 These values are calculated on the assumption that the films are ideally bonded to the substrate.
Thus one expects the boundary resistance between aluminum film and a glass substrate to be substantially lower than that between a tin film and a glass substrate.
Despite the highly qualitative nature of our experiments, it is apparent that the underlay makes a marked improvement in the thermal contact between tin films and glass or sapphire substrates, but has little effect in the case of lead films. We shall see in Sections V and VI that the change in the thermal contact can have a marked effect -16-LBL-4535 on the noise spectrum.
V. EXPERIMENTAL RESULTS FOR TIN
A. Noise Power Spectra A typical power spectrum for a type A tin sample on a glass substrate is shown in Fig. 2(a) Although the slope of the measured cuNe is a little steeper than -1, the general agreement between the two curves is good.
We have investigated the dependence of SV(f) on 0,.8, and V. In Fig. 3 was broadened to give 8 = 62K at the mid-point. In Fig. 3(a) , the value of SV(f) has been multipled by a faetor of 6.25 to account for the lower B. The fact that SV(f) scales with 0-l for variations in both the area and the thickness of the films provides strong evidence that the 1/f noise is a bulk effect. If the noise were a surface effect, -2 SV(f)/V would scale inversely as the area of the films, but would presumably be independent of the thickness of the films.
In Fig. 3(b) , we plot -2 Tn Fig. 3(c) , we plot SV(f) vs. V for one sample at constant S. The fact. that SV(f)' ex: V 2 indicates t<1at selfheating effects did not contribute measureably to the noise sp~ctra.
In each figure, a line of urlity slope was fitted. Bearing in mind the uncertainties in the measurements, we regard the measured dependence For one type B sample on a glass substrate the power spectrum shown in Fig. 2(d) was obtained. The spectrum is intermediate between the spectra (a) for type A samples and the more typical type B spectra, (b) and (c). Thus the low frequency end at the power pectrum is less depresssed than that of the other type B samples, and the slope is about -0.35. Apparently the thermal conductance between the film and the substrate was less enhanced by the aluminum underlay than was usual.
We initially supposed that the knee in Figs. 2(b) and (c) at 30Hz corresponded to the frequency f 1 . However, we also measured the spectra of type B samples in which the length was varied from 0.6mm to 5mm. We observed no systematic variation in the knee frequency. Consequently, we suspect that the knee frequency corresponds to the inverse of the relaxation time of the film and part of the substrate; this time,about !Oms, is independent of the length of the sample. It should be noted that this time is much greater than the time defined by the ratio of the heat capacity of the film (-5xl0-12 JK-l for 2.5mmx15~mxlOOOA) to K (-lO~WK- 1 ), e which is on the order of l~s. This result suggests that part of the substrate adjacent to the film is involved in the thermal relaxation process, and that the heat capacity of this part of the substrate contributes to the relaxation time.
B. Spatial Correlation of the Noise
As a further test of the thermal diffusion mechanism, we studied the spatial correlation of the 1/f noise. The experimental configuation is shown inset in Fig. 4 . We measured the correlation of the noise generated 
VI. EXPERIMENTAL RESULTS FOR LEAD
A typical noise power spectrum for a type A lead film with a normal resistance of 4n and a de current bias of 500~ is shown in Fig. 6(a) .
The slope of the spectrum is -1.1. The dashed line is calculated from
Eq. (2.4) using n = 6.0x10 em , B= 32K-, and CV = At 1Hz the theoretical power spectrum exceeds the measured power spectrum by a factor of about 5. Samples evaporated on a sapphire substrate (with -22-LBL-4535 no underlay) had similar power spectra. We found that SV(f) was again.
proportional to v 2 and (dR/dT) 2 . The power spectrum of a sample whose volume was 9 times greater than that of Fig. 6(a) was approximately a factor of 10 smaller in magnitude, as expected if SV(f) a: n-
.
A typical spectrum for a type B lead sample on a glass substrate is shown in Fig. 6(b) . Similar results were obtained using a sapphire substrate. The slope is about -0.8, somewhat smaller than in Fig. 6(a) .
The spectrum is reminiscent of that obtained for the anomalous type B tin sample, Fig. 2(d) . The fact that the flattening of the spectrum at low frequencies is much less dramatic than that usually observed for tin, suggests that the aluminum underlay has much less effect on the thermal contact for lead than for tin.
VII. DISCUSSION AND CONCLUSIONS
We first briefly show that the low frequency noise we observe is inconsistent with that expected from a flux flow mechanism. The power f h . 1 6 spectrum of flux low noise as been calculated for various mode s , and is usually not 1/f. The maximum value of the power spectrum at zero 6 frequency is 2¢Vf, where ¢ is the flux contained in each bundle, and Vf is the voltage across the sample due to flux flow. We assume that the maximum area of the flux bundle is t; (t 2 ~ 15~m is the Nidth of the film), and that the maximum field (residual ambient field and self- there is a good fit to a line of slope unity over four decades.
The small amount of data collected on lead films also supports the thermal diffusion model. and n-l were observed. was reduced to about -0.8. Although this was a significantly lower slope than that of the type A samples (about -1.1), the change was much less marked than ' .
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for most of the tin samples, presumably because of the relatively small change in the thermal boundary resistance.
The major unresolved problem in this work is the microscopic origin of the 1/f slope for the type A samples. 2 Voss and Clarke showed that for a thermally homogeneous system a model involving correlated temperature fluctuations produced a 1/f spectrum in the low frequency limit of a two-dimensional system. The low frequency limit of a one-dimensional system has a slope of -3/2. The present measurements do not provide overwhelming evidence in favor of either correlated or uncorrelated temperature fluctuations. However, one qualitative connnent is in order.
In the type A samples, the poor coupling of the films to their substrates implies that most of the heat flow is along the film rather than into the substrate, i.e., that the film is more one-dimensional than two-dimensional. 2 In the room temperature measurements of Voss and Clarke , the spectra also ...n... . 
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